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The secondary osteon — a fundamental building block in compact bone — is a multilayered
cylindrical structure of mineralized collagen ﬁbrils arranged around a blood vessel. Functionally, the
osteon must be adapted to the in vivo mechanical stresses in bone at the level of its microstructure.
However, questions remain about the precise mechanism by which this is achieved. By application
of scanning x-ray diffraction with a micron-sized synchrotron beam, along with measurements of
local mineral crystallographic axis direction, we reconstruct the three-dimensional orientation of the
mineralized ﬁbrils within a single osteon lamella 5 m. We ﬁnd that the mineralized collagen
ﬁbrils spiral around the central axis with varying degrees of tilt, which would — structurally —
impart high extensibility to the osteon. As a consequence, strains inside the osteon would have to be
taken up by means of shear between the ﬁbrils. © 2006 American Vacuum Society.
DOI: 10.1116/1.2178386
I. INTRODUCTION
Bone is a ﬁbrous composite, consisting of carbonated apa-
tite embedded in an organic collagen framework.1 The char-
acter of lamellar bone, the most abundant type in many
mammals, is widely discussed but there is still no full agree-
ment on the detailed structure. It has been proposed that the
ﬁber arrangement is a twisted plywood system or an orthogo-
nal plywood structure.2 Rho3 pointed out the necessity of
understanding the structural variation at the ﬁbrillar level to
model and explain the properties of the material bone. In
general, during development of skeletal systems ﬁbers are
manipulated into precise directions within the supporting tis-
sues to be best adapted to their mechanical functions.4 Dif-
ferent approaches have been taken in solving these questions
on different length scales, from static structure
investigations5 to in situ mechanical testing.6
Compact bone, which is found in the cylindrical shells of
most long bones in vertebrates, consists of lamellae that are
cylindrically wrapped around blood vessels Haversian sys-
tems or secondary osteons. These secondary osteons, whose
mechanical properties are crucial to the structural stability of
the entire bone, form during bone remodelling.7 Several au-
thors have shown8,9 that the orientation of the collagen ﬁbers
is a function of external stresses on the bone, and that these
variations might enable structures to adapt to and better resist
the applied forces. When single osteons are cyclically
loaded, synchrotron x-ray diffraction measurements of the
averaged mineral crystal orientation show that on average,
reorientation of the c axis occurs in the direction of applied
load parallel to the osteon axis.10
Blood vessels, as the main transport system for oxygen,
carbon dioxide, and several other elements, require a special
protection inside the bone. Therefore the structure of an os-
teon has to fulﬁll this function. Ascenzi and co-workers de-
scribed, via detailed x-ray diffraction experiments, the struc-
tural differences between varying isolated osteonal
lamellae.11 Mineral particles appeared differently oriented in
specimens that appear dark and bright under polarized light
microscopy. In general — and speciﬁcally concerning me-
chanical isolation — it is difﬁcult to deﬁne “one single
lamella.” To deduce mechanical implications for the osteon,
the structure of the lamellae has to be investigated at the
ﬁbrillar level.1
To attain this goal, a combination of texture analysis and
scanning x-ray diffraction is an appropriate strategy. Texture
analysis can be used as a quantitative method for determin-
ing the crystal orientation in bone10,12,13 Scanning x-ray ex-
periments with a micrometer sized beam using high bril-
liance synchrotron radiation14 enable the measurement of the
local mineral orientation of entire osteons. Clearly, only the
combination of: a a beamsize comparable to or smaller to
the size of single lamellae; b a sample thickness of the
same order of magnitude as the beam diameter for transmis-
sion x-ray measurements; c stepwise rotation of the
sample for local texture measurements; and d alignment of
the beam position relative to the ﬁber orientation in the tissue
makes it possible to resolve the local crystallite orientation
quantitatively. In this article we present investigations com-aElectronic mail: fratzl@mpikg.mpg.de
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bining these requirements in a scanning texture analysis on
several osteons, using a 1 m synchrotron beam. Quantita-
tive results on mineral crystallite orientation as a function
of position on the osteon are shown, with intralamellar
resolution.
II. MATERIALS AND METHODS
The bone type used for this investigation was the femoral
midshaft from a healthy human female Fig. 1a. Our in-
vestigations are based on circular osteons from the lateral
region of the midshaft shell where lamellae appear in polar-
ized light microscopy alternating as dark and bright regions.
A 2210 mm3 stick was cut out of the bone using a
low speed diamond saw Buehler Isomet, Lake Bluff Illinois,
U.S.. The undecalciﬁed specimens were ﬁxed in ethanol/
formalin solution 70:30 v/v and after dehydrating they were
embedded in polymethylmetacrylate.15 With a microtome
Leica SM2500E, Leica Microsystems, Bensheim, Germany
thin sections with a thickness of about 3–4 m were cut
from this block. To check the inﬂuence of microtoming on
the internal structure of these thin sheets, thicker platelets
50 m from the same stick were cut using a diamond
inner-hole saw Leica SP1600, Leica Microsystems,
Bensheim, Germany.
Scanning small angle x-ray scattering SAXS and wide-
angle x-ray diffraction WAXD are effective methods for
position resolved investigations of bone sections.16 Thin
samples can be scanned with a step-size in the band of the
beam size, acquiring two-dimensional SAXS or WAXD pat-
terns at every point. To resolve the lamellae as they appear in
polarized light microscopy with a thickness of 5–7 m an
x-ray beam signiﬁcantly smaller than the thickness is re-
quired, in order to avoid signal irregularities due to overlap-
ping sample volumes at adjacent scan points. Therefore we
choose for our investigations a synchrotron x-ray beam with
a diameter of 1 m.
The experiments were performed at the microfocus beam-
line of the European Synchrotron Radiation Facility ESRF,
Grenoble. The ID13 beamline is characterized by a 18 mm
period in-vacuum undulator optimized for 13 keV and the
optical setup for a submicrometer beam variable in a re-
gion from 0.5 to 5 m is deﬁned by a Kirkpatrick–Baez
mirror.17 The radiation wavelength was 0.9755 Å and a 16
bit readout MARCCD Mar Inc., U.S. detector with an x-ray
converter screen of 130 mm diameter and 20482048 pix-
els with a pixel size of 64.4564.45 m2 was used for re-
cording the diffraction patterns. For faster readout, data were
recorded in binning mode with 512512 pixels. In the scan-
ning setup Fig. 1d the samples were ﬁxed on glass capil-
laries which were attached to a goniometer head. The beam
was positioned accurately on a speciﬁc point on the sample
by using a high resolution microscope. From this point a
reproducible scanning grid was deﬁned on the sample and
for every single grid point a diffraction pattern was collected.
By choosing an appropriate sample to detector distance
130 mm in this case we obtained diffraction frames in
which the SAXS signal and the WAXD 002 reﬂections
from the mineral apatite along the c axis of hexagonal cubic
crystal structure axis were visible.
Apatite has a hexagonal cubic structure.18 Heidelbach and
co-workers.19,20 showed that for a full quantitative texture
investigation a crystallite orientation distribution analysis is
required, with several different diffraction peaks measured
simultaneously. However, the aim of our experiment was to
give quantitative information about the orientation of the
crystallographic c axis of the mineral particles only. The c
axis of the mineral particles is aligned ﬁrst with the long
dimension of the mineral platelets Fig. 1e which in turn is
parallel to the collagen ﬁbril direction.21,22 Therefore we
measured the orientation of the 002 pole for individual line
scans over several osteons. A line scan runs along the radius
of the osteon from the center of the blood vessel into the
surrounding cortical bone. Along this line scan at every
1 m step orientation information is acquired by rotating the
sample in steps of 5° from +45° to −45°. For every rotating
step a diffraction image is obtained, resulting in 19 indi-
vidual images which are merged together to give the orien-
tation distribution at one measuring point. To minimize the
position correction for every rotation angle we performed the
line scans in the vertical direction: one along the rotation
axis of the osteon and two more in a relative horizontal dis-
tance of ±5 m to it.
The diffraction images were processed with the software
Fit2D.23 Every image was corrected for transmission, and the
intensity distribution with no sample in the beam was sub-
tracted. Due to scattering from the mineral, a subtraction of
the diffuse background is necessary to obtain the correct azi-
muthal intensity proﬁles, which are used for further data pro-
FIG. 1. a Cross section of the femoral midshaft. The red square shows the
region from where samples originate. b Thin section of the human bone
observed in transmission with a polarizing light microscope: osteon where
brightness of lamellae changes alternately. c High magniﬁcation zoom
shows three alternating lamellae. The red dots indicate the x-ray beam size
1 m. d Schematic of the experimental setup showing the sample rota-
tion, x-ray beam and detector pattern. e Schematic of a mineral platelet
with a hexagonal unit cell not drawn to scale and deﬁnition of the crystal-
lographic c axis.
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cessing. For a given crystallographic axis the intensity varia-
tions of the Debye–Scherrer rings at different rotation angles
of the sample are, within a constant scaling factor, traces of
the orientation distribution of the axis on a unit sphere in real
space. To represent this distribution in two dimensions, a
standard stereographic projection is made from the unit
sphere to the unit disk in plane.13 Hence, by using a set of
latitude/longitude coordinates to represent any point in
the unit disk, the intensity distribution can be coordinate
transformed from spherical polar coordinates to a rectangular
grid latitude/longitude coordinates. We show examples of
the resulting two-dimensional 2D intensity distributions in
Fig. 2a. As a ﬁnal step in data reduction, we integrated the
intensity in the  and  coordinates, leading to one-
dimensional proﬁles I and I as seen in Figs. 2b and
2c. A Gaussian function was used to ﬁt I, and for I,
keeping in mind an observed periodic variation, the function
f=y0+a · cos2·+2·c was used.
III. RESULTS
In Figs. 1b and 1c we can see a typical polarized light
microscopy image of one of the investigated osteons. The
consecutive lamellae show different brightness, alternating
from “dark” to “bright,” as well documented in the
literature.11 Both sheets the microtomed 3 m and the cut
50 m control sheet were characterized by polarized light.
The osteons of both sheets showed the same principal pattern
alternation of “dark” and “bright” lamellae. The optical ef-
fect appears due to birefringence originating from both col-
lagen and the mineral particles. This demonstrates that the
orientation of the carbonated apatite particles and the col-
lagen is not inﬂuenced by the cutting process with the
microtome.
In Fig. 2a vertical  proﬁle is shown, which is found to
be typical for all measuring points. Since the intensity values
are all concentrated within an average full width at half
maximum of 50° ±25°  we conclude that the main variation
of the orientation occurs in the horizontal  direction, which
also can be clearly seen in all the 2D  / plots Fig. 2. In
terms of the osteonal lamellar structure this means the orien-
tation of the c axis of the mineral platelets changes mostly
within the plane of a lamella. This can be quantiﬁed by ana-
lyzing the horizontal  proﬁles.
Figure 3 shows the maximum position longitudinal angle
FIG. 2. Two-dimensional stereographic plots and the corresponding line proﬁles. The color code indicates the intensity of the 002 pole arbitrary units.
Vertical  proﬁles are ﬁtted with gaussians, horizontal  proﬁles with a cosine ﬁt ﬁxed period of .
FIG. 3. Value of the individual bars indicate the position of the crystallo-
graphic c axis of the carbonated apatite mineral crystals. The angle changes
from about 10° to 60° relative to the long axis of the osteon with a period-
icity of 5–7 m. The lamellae at 55–57 m show a different orientation
than the others. From 60 m upward last two bars in the graph the values
correspond to interstitial bone.
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 of the 002 pole occurrence as a function of the position
on the osteon. A step from one bar to the next corresponds to
a step size of 1 m along the measured radial line scan start-
ing in the center of the circular osteon and going vertically
down, as per Fig. 2a. It can be seen that the orientation of
the 002 pole changes periodically in an interval of about
5–7 m, corresponding to the thickness of the individual
lamellae as seen in polarized light microscopy. The maxi-
mum position angle  varies from about 10° to 60° relative
to the osteon axis in the ﬁrst innermost lamellae. The differ-
ence between the maximum and minimum values decreases
as the distance from the osteon center increases. All poles are
oriented only within one quadrant 0° –90°  relative to the
0°  axis of the osteon with an average of 30°. This
indicates a three-dimensional 3D spiral helicoidal ar-
rangement for the ﬁbrils around the blood vessel. Only the
outermost lamella shows a different chirality and the ﬁbrils
spiral around the vascular channel with the opposite
orientation.
All probed osteons from the lateral region of the femoral
midshaft Fig. 1a, which were all circular and showed al-
ternating bright and dark regions in polarized light micros-
copy, delivered similar results and conﬁrmed the unidirec-
tionality of ﬁbrils over most lamellae and the orientation
oscillation on a micrometer length scale. The different chiral-
ity of the outermost lamella as found in the presented osteon
has to be investigated and potentially proved on a higher
number of samples.
IV. DISCUSSION
Our investigations address the question of the spatial ori-
entation of the mineral particles within osteonal human bone.
With quantitative texture analysis using a synchrotron x-ray
beam we are able to show the mineral crystallite orientation
as a function of position on the osteon with a resolution of
1 m. Figure 4 shows our results qualitatively in a model of
ﬁber orientation within cholesteric layers relative to the os-
teon long axis. Since the orientation of the ﬁbrils differs only
in a range from 0° to 90° we deduce a three-dimensional
spiral helicoidal appearance of the ﬁbrils, which are wound
around the blood vessel within coaxial cylinders. The orien-
tation angle  of the ﬁbrils relative to the osteon axis in
successive cholesteric layers spacing of 1 m changes in a
regular sequence of about 5° –25°, and just at about every
sixth cylinder there is a jump in the angle  of more than
−30°. The sense of the helical winding is right-handed —
similar to wood cells24 — and the chirality is the same for all
lamellae except for the outermost one.
Neville4 describes naturally occurring Helicoids as cylin-
drical multidirectional plywoods, with changes in orientation
angles from 10° and 20° between neighboring layers. Heli-
coidal arrangements of ﬁbers are found in several biological
tissues, such as insect cuticle4 and plant cell walls.25 In
wood, variations in the microﬁbril angle allow a tuning of
both stiffness and extensibility of the wood cell and enable
the material to adapt to mechanical loading.26 The microﬁbril
angle has an evident inﬂuence on the extensibility of the cell
wall. Small microﬁbril angles provide maximum stiffness of
the cell wall, whereas large angles result in maximum
extensibility.27 Giraud-Guille,2,28 Besseau and Cowin29 de-
scribe cylindrical twisted plywood structures of biological
tissues analogous to cholesteric liquid crystal ﬂows frozen in
time. One of the future prospects given in their studies is to
investigate the behavior of stabilized biological mesophases
in response to mechanical forces. Helicoidal structures have
certain advantages in resisting mechanical loads compared to
orthogonal plywood structures since the twisted orientation
enables a higher extensibility in tension and compression.
In this context it seems biophysically reasonable that a
three-dimensional spiraling of ﬁbrils appears in osteonal
bone too. One of the advantages of such a helicoidal ply-
wood structure and its mechanical ﬂexibility would be the
protection of the blood vessels against failure of the sur-
rounding matrix. In wood, a deformation model has been
proposed for cell walls where the hemicellulose-lignin ma-
trix transmit shear stresses between the stiff cellulose
ﬁbrils.30 We have recently shown that shearing in the inter-
ﬁbrillar matrix is also a fundamental deformation mechanism
in bone.6 The helicoidal arrangement of ﬁbrils in osteons is
seen by the average angle  over all cholesteric layers being
different from zero Fig. 3. This indicates that an osteon is
designed for extensibility in tension, like a spring. We con-
clude that the deformation within osteons will occur mostly
by shear between ﬁbrils.
Our results show that osteons at the level of their micro-
structure are adapted to the in vivo mechanical stresses in
bone. Since variations in self-assembly mechanisms and
ﬁbril orientation may occur, as a function of the local load at
different locations in the tissue, a very promising avenue of
research would be an investigation of possible biological
FIG. 4. Model of ﬁbrillar orientation relative to the osteon axis. The orien-
tation of the ﬁbrils changes with a periodicity of 5–7 m, which corre-
sponds to one single dark or bright lamellae in the polarized light micros-
copy image. Only the ﬁbrils of the outermost lamella show a different
chirality in orientation.
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variance of the lamellar structure in an osteon. In general,
however, the unidirectionality of the ﬁbers around the blood
vessel and the observed oscillation in ﬁber orientation in
successive layers is a building block in understanding what
biomechanical role the internal structure of the osteon phase
plays, when embedded in the interstitial bone phase.
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